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The 2009 Nobel Prize in Chemistry has been awarded to Venki Ramakrishnan, Tom Steitz, and Ada 
Yonath for crystallographic studies of the ribosome. The atomic resolution structures of the ribo-
somal subunits provide an extraordinary context for understanding one of the most fundamental 
aspects of cellular function: protein synthesis.This year’s Nobel Prize in Chemistry 
punctuates many person-millenia of 
research on protein synthesis, beginning 
with studies of microsomes in the 1950s. 
The 2009 Nobel Prize in Chemistry was 
essentially awarded for three publica-
tions in the year 2000 describing the 
atomic resolution structures of the 50S 
and 30S ribosomal subunits (Ban et al., 
2000; Schluenzen et al., 2000; Wimberly 
et al., 2000).
It became apparent after the structures 
of the ribosomal subunits were published 
that progress in understanding protein 
synthesis had finally cleared the thresh-
old for recognition by this year’s highest 
honor. The Nobel Chemistry Committee 
had its work cut out, as there were many 
individuals whose contributions to ribo-
some structure and function certainly 
warranted consideration. However, the 
rules of the Nobel Foundation specify a 
maximum number of individuals that can 
share a prize, and n
max = 3. The consider-
able challenge faced by the Committee 
was to choose among the many achieve-
ments in this rapidly developing field, and 
the rationale for choosing Ramakrish-
nan, Steitz, and Yonath is clearly articu-
lated in the Scientific Background on the 
Nobel Prize in Chemistry 2009 written by 
Mans Ehrenberg (http://nobelprize.org/
nobel_prizes/chemistry/laureates/2009/
sci.html). The matter is now settled with 
the Committee’s choice of these three 
deserving individuals. Our primary focus 
now is to celebrate the recognition of 
the ribosome field signified by the 2009 
Nobel Prize in Chemistry.
RNA in the Ribosome
The ribosome became an early focus of 
investigation of cellular function, in part 
because it is very large and very abun-dant in cells. The bacterial ribosome is 
~2.5 megaDaltons in molecular weight 
and is over 200 Å wide. There are tens 
of thousands of ribosomes in each cell, 
present at well over 1 µM concentration. 
The abundance can be explained by the 
tremendous demand for protein synthe-
sis to support rapid cell growth. Ribo-
somes are composed of two subunits, 
the large or 50S subunit that harbors the 
peptidyl transferase activity and the 30S 
subunit that binds to messenger RNA 
and is responsible for maintaining the 
fidelity of the genetic code.
Perhaps the most remarkable and 
inexplicable feature of ribosome struc-
ture is that two-thirds of the mass is com-
posed of large RNA molecules, the 5S, 
16S, and 23S ribosomal RNAs, and the 
remaining third is distributed among ~50 
relatively small and innocuous proteins. 
The RNA is what makes the ribosome 
so enigmatic. The RNA is the elephant in 
the room. It is amusing to read the ques-
tion posed in an early investigation of 
ribosomes from the bacterium Escheri-
chia coli: “Are enzymes present in the 
particles?” (Tissieres and Watson, 1958). 
Certainly, the question was framed from 
a proteocentric viewpoint, and there 
was no intellectual framework extant for 
ascribing any functions to the significant 
RNA component in these ribonucleopro-
tein particles.
Both the 30S and 50S subunits can be 
reconstituted in vitro from purified com-
ponents (Nierhaus and Dohme, 1974; 
Traub and Nomura, 1968). This is a fun-
damentally important result demonstrat-
ing the ability of the macromolecules to 
fold spontaneously into an active confor-
mation. This result also showed that the 
information required to assemble a ribo-
some is encoded in the primary struc-Cell 139, Dture of the proteins and, remarkably, the 
RNA. Using this reconstitution procedure 
for 30S subunits, Harry Noller demon-
strated that modification of 16S RNA by 
the chemical probe kethoxal inactivated 
ribosomes and prevented protein synthe-
sis, whereas modification of the proteins 
did not (Noller and Chaires, 1972). This 
seminal experiment was the first conclu-
sive study implicating the essential role 
of ribosomal RNAs in protein synthesis. 
Noller also went on to demonstrate that 
deproteinized 23S ribosomal RNA was 
capable of catalyzing peptide bond for-
mation, providing the most conclusive 
biochemical evidence for the essential 
role of RNA in protein synthesis (Noller 
et al., 1992).
The first step on the road to solving 
the ribosome structure was determin-
ing the primary structure of the 16S and 
23S RNAs in Harry Noller’s laboratory. 
The sequences were rapidly followed by 
secondary structure models for the fold-
ing of the two ribosomal RNAs, in col-
laboration with Carl Woese, bringing the 
ribosome structure into two dimensions. 
The RNA secondary structures are char-
acterized by an elaborate series of heli-
ces and loops of unknown structure, but 
other than the insights offered by the 
structure of transfer RNA (tRNA), there 
was no way to think about folding these 
structures into three dimensions.
The Quest for Ribosome Structure
There was a clear need for a structure 
of the ribosome, but such an undertak-
ing was unprecedented. The era of ribo-
some structural efforts effectively began 
in the period 1975–1980, and in the fol-
lowing two decades, every conceivable 
chemical and physical technique was 
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ribosome. The first three-dimensional 
images of the ribosome emerged from 
Jim Lake’s reconstructions from elec-
tron microscopy (EM) (Lake, 1976). The 
hand-held physical models and two-
dimensional representations of these 
shapes embody the essence of the 
ribosome in a comprehensible form to 
this day.
Ada Yonath reported the first crystals 
of the 50S ribosomal subunit in 1980, a 
crucial step that would require almost 
20 years to bring to fruition (Yonath et 
al., 1980). Yonath’s group introduced 
the innovative use of ribosomes from 
extremophilic organisms, such as ther-
mophiles and most importantly the 
halophile Haloarcula marismortui. For 
over a decade, there was a slow but 
steady increase in the quality of ribo-
some crystals. Yonath collaborated 
with Håkon Hope to apply cryocrys-
tallography in order to ameliorate the 
serious effects of radiation damage on 
the crystals, extending the resolution 
of the H. marismortui diffraction to 4.5 
Å. However, it was not clear to anyone 
if, and in particular how, the ribosome 
structure could ever be solved using 
crystallography.
During this same period, Peter Moore 
and Don Engelman applied neutron 
scattering techniques to determine the 
relative positions of ribosomal proteins 
in the 30S ribosomal subunit (Capel 
et al., 1987). These studies, in con-
junction with the EM reconstructions, 
resulted in the “neutron map,” but 
the RNA structure remained elusive. 
Elegant chemical footprinting studies 
from the Noller laboratory provided a 
basis for intertwining the RNA among 
the ribosomal proteins, but there was 
still insufficient information to produce 
an atomic resolution structure (Stern 
et al., 1988). Interestingly, one of the 
graduate students in Peter Moore’s 
laboratory involved in producing the 
neutron map was none other than Venki 
Ramakrishnan, whose scientific career 
was forged in the crucible of deuter-
ated ribosome reconstitutions.
During the early 1990s, cryoEM recon-
structions of the ribosome began to 
emerge. Although the overall shape 
remained true to the Lake models, ever-
increasing levels of detail emerged, 
approaching 25 Å resolution in 1995 (Frank 1042 Cell 139, December 11, 2009 ©2009 Eet al., 1995; Stark et al., 1995). In parallel, 
a number of groups were busy solving the 
structures of individual ribosomal pro-
teins and RNA-protein complexes with 
fragments of ribosomal RNA. For a time, 
it appeared that the ribosome structure 
might be solved piecemeal, or in today’s 
parlance, using “hybrid methods.” A sig-
nificant effort in many laboratories was 
devoted to determining high-resolution 
structures of ribosomal components and 
subcomplexes, with the hope that they 
would ultimately be docked onto the EM 
density map to provide an atomic model 
of the ribosome.
During the latter half of the 1990s, 
the X-ray crystallography juggernaut 
came up to full speed. I recall meeting 
Venki Ramakrishnan for the first time 
in 1996 at a meeting in Tällberg, Swe-
den, on Structural Aspects of Protein 
Synthesis, where he disclosed that he 
had excellent diffracting crystals of the 
30S ribosomal subunit from Thermus 
thermophilus, and that he thought he 
could solve the structure. As an avatar 
of small ribosomal pieces, I remember 
being skeptical, but I experienced the 
first nervous premonition that the divide 
and conquer approach might have a 
limited lifetime.
Also during this time, the Yale group 
was ramping up its work on the H. maris-
mortui crystals of the 50S subunit. Peter 
Moore had recruited long-time colleague 
Tom Steitz to work on this problem of 
heroic crystallographic proportions. 
Together, they represented a powerful 
team with a combination of a lifetime of 
wisdom on the ribosome and a lifetime 
of wisdom in tackling major crystal-
lographic challenges. Although a neo-
phyte to the ribosome, Steitz was about 
to complete the final event in the pen-
tathlon of Crick’s dogma, having solved 
critical structures of DNA polymerases, 
the glutaminyl tRNA-tRNA synthetase 
complex, HIV reverse transcriptase, and 
T7 RNA polymerase.
There is probably no single technical 
breakthrough that enabled solving the 
structures of the ribosomal subunits. 
The crystals were certainly extraordi-
narily challenging in many respects. 
The unit cell dimensions of the crystals 
were very large making data collection 
challenging, and the large molecular 
weight made obtaining phases with lsevier Inc.heavy atom derivatives difficult as 
well. Concurrent improvements in syn-
chrotron radiation sources and com-
putational power all conspired with 
extraordinary efforts by many incred-
ibly talented scientists in multiple labo-
ratories to eventually solve the phase 
problem and determine the structures 
of the ribosomal subunits.
The first meeting where it became 
clear that the ribosome structure 
would certainly be solved in the near 
future was the triennial ribosome meet-
ing held in Helsingør, Denmark, in June 
1999. The Steitz group had already 
published a structure of the 50S sub-
unit that had been phased using EM 
density for molecular replacement and 
then refined using heavy metal clus-
ter derivatives to 9 Å. The groups of 
Steitz, Ramakrishnan, and Yonath all 
presented electron density maps of 
subunits at approximately 5 Å resolu-
tion, and the Noller group presented 10 
Å electron density maps of the Ther-
mus 70S ribosome. There were about 
400 attendees at the meeting in Den-
mark, and 396 of us were shocked and 
stunned that the world as we knew it 
was about to end. The herd of inves-
tigators chiseling away at particular 
residues in their corner of the ribosome 
would soon have their lengthy toil oblit-
erated: the atomic resolution structure 
of the ribosome was imminent.
What were we all going to do with 
our lives? In the closing address of 
the meeting, Peter Moore aptly para-
phrased Churchill, admonishing us that 
this was not the end, but the end of the 
beginning.
Ribosome Function in the Post-
Structural Era
The structure of the RNA in the ribo-
some is truly astonishing. Many previ-
ously observed motifs are abundant, 
such as A-form helices, A-minor inter-
actions, and K-turns. But almost every 
nucleotide in the RNA is involved in mul-
tiple stabilizing interactions that form 
the monolithic tertiary structure at the 
heart of the ribosome. There is a rich 
array of structural elements many layers 
deep, and if you have never viewed the 
coordinates of the ribosome, it is worth 
an hour or two, just to glimpse this won-
derful object.
In particular, the structure of the 50S 
ribosomal subunit lays to rest arguments 
about the central role of RNA in the origin 
of life. The ribosomal proteins primarily 
decorate the outer surface of the ribo-
some. The peptidyl transferase center is 
devoid of protein, and the catalytic activ-
ity of the ribosome in protein synthe-
sis must be mediated by the RNA. The 
absolute conservation of the peptidyl 
transferase center and the dense RNA 
active site at the core of the ribosome 
argue strongly that we are looking at a 
molecular fossil. The ability to synthe-
size defined proteins in a programmed 
manner must have brought about an 
evolutionary shockwave, of which we 
are a product. In modern biology, almost 
all cellular functions are carried out by 
proteins, save two: storage of genomic 
information in DNA, and protein synthe-
sis itself, carried out by this evolution-
ary relic to which all cells are hopelessly 
addicted.
The architecture of the ribosome 
gives the impression of a set of rods, 
struts, and joints arranged to coor-
dinate the set of motions that are 
required to carry out sequential rounds 
of peptide bond formation. It is as if we 
have seen the inside of a mechanical 
watch for the first time, and we are try-
ing to discern the manner of its opera-
tion. Each rod and joint has a particular 
purpose, for example to discriminate 
the sequence of incoming aminoacyl 
tRNAs, or to grip the mRNA during 
translocation from one codon to the 
next, or to accommodate an incoming 
translation factor.In the subsequent decade since the 
initial ribosomal subunit structures 
emerged, there has been a remarkable 
series of ribosome structures solved 
that shed light on how the ribosome 
functions in translation. The structure 
of the 70S ribosome emerged shortly 
after the structures of the initial subunits 
(Yusupov et al., 2001). There are now 
crystal structures of a dozen or more 
antibiotics bound to the ribosome, and 
many of these do in fact interact pri-
marily with the RNA. There are crystal 
structures with elongation and release 
factors bound to the 70S subunit, and 
soon there will be structures for almost 
all of the states of the ribosome during 
the cycle of translation. The combination 
of this continuing cascade of structures 
and biochemical and functional insights 
into protein synthesis mechanisms will 
ultimately produce a documentary movie 
in molecular terms for the process of 
protein synthesis.
The 2009 Nobel Prize in Chemistry to 
Ramakrishnan, Steitz, and Yonath duly 
acknowledges their spectacular con-
tributions to structural biology and the 
understanding of protein synthesis. This 
work was not done in a vacuum but was 
done in the context of a dynamic and 
vibrant field of researchers. I salute the 
three with joy and pride. I also honor the 
remarkable group of investigators for 
whom understanding the ribosome and 
protein synthesis is their life’s work.
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